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ABSTRACT
We discuss the results of long-term hard x-ray monitoring of Galactic black-
hole candidates 1E 1740.7{2942, GRS 1758{258, Cyg X{1, GX 339{4, and
Cyg X{3 with the Rossi X-Ray Timing Explorer (RXTE). The objects divide
into two classes. In the rst class, exemplied by Cyg X{1, luminosity and
spectral hardness evolve simultaneously. In the second class, the relation is com-
plicated and shows hysteresis: e.g., the softest spectra occur while the count rate
is dropping. Most models of accretion, generally tailored to Cyg X{1, cannot
explain the second sort of behavior. It can be explained qualitatively by a simple
model with two simultaneous, independent accretion flows: a thin disk and a hot
halo. The time delay between changes in luminosity and spectrum is due to the
viscous delay in the thin disk: changes in the mass input from the companion
propagate through the halo immediately but can take up to several weeks to
propagate through the disk. This picture is strongly supported by the obser-
vation that those sources which show delays ( 1E 1740.7{2942, GRS 1758{258,
and GX 339{4) are expected to have low-mass companions, and those which do
not (Cyg X{1, Cyg X{3) are known or thought to have high-mass companions.
Low-mass companions imply accretion by Roche-lobe overflow, with a high spe-
cic angular momentum in the accreting material, and therefore a large disk with
a long viscous timescale. Wind accretion from massive companions is expected
to result in a much smaller disk, and thus little viscous delay.
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1. Introduction
Among the x-ray binaries which are identied as black-hole candidates by their mass
functions, only three show persistent bright emission: Cyg X{1, LMC X{3, and LMC X{
1. At least three more non-transient Galactic objects are usually considered black-hole
candidates by courtesy due to the similarity of their hard x-ray behavior to that of Cyg X{1:
1E 1740.7{2942, GRS 1758{258, and GX 339{4. The optical counterparts of these systems
have not been detected due to their distance and extinction by Galactic dust. The unique
x-ray binary Cyg X{3 has been interpreted as a black hole in a 4.8 hr orbit with a Wolf-
Rayet star (Schmutz et al. 1996; van Kerkwijk et al. 1996), but this identication of both
components has been questioned (Mitra 1996, 1998).
Cyg X{1, 1E 1740.7{2942, GRS 1758{258, and GX 339{4 spend most of their time
in the spectral state called \hard" or \low". This state, one of the two canonical states of
black-hole candidates at moderate luminosity, is characterized by a hard power law (photon
index 1.4 to 1.9) with an exponential rollover around 100 keV. The other canonical state,
\soft" or \high", is characterized by a softer power law with no exponential cuto, plus a
thermal component with a temperature on the order of 1 keV which can dominate the overall
luminosity. There can be a gradual transition between these canonical states, now usually
called an intermediate state (Mendez and van der Klis 1997). It has recently been discovered,
however, that at least one property of this state is not intermediate at all: Pottschmidt et al.
(2000) found that the lags between rapid variations in soft and hard flux are far longer during
state transitions than in either the soft or hard states. The \very high" state, characterized
by high accretion rates and more complicated behaviors, is beyond the scope of this paper,
never having been displayed by Cyg X{1, 1E 1740.7{2942 and GRS 1758{258.
The most commonly accepted picture of accretion in these systems consists of a standard
thin accretion disk at large radii, which is truncated at some inner radius and replaced by
a hot, more spherical flow (?, e.g.,)]Sh76. The thin disk produces thermal emission and the
hot flow scatters it up into a power law. The transition from the low state to the high state
is thought to occur when the accretion rate increases, with the result that the transition
radius moves inward until the thin disk extends all the way down to the last stable orbit
allowed by general relativity (?, e.g.,)]Es98.
In this paper we will demonstrate that this picture, although adequate to explain the
behavior of Cyg X{1 alone, will have to be altered to address the more complicated evolution
of luminosity and spectrum in other black-hole candidates.
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2. Observations
Cyg X{1, Cyg X{3, 1E 1740.7{2942, GRS 1758{258, and GX 339{4 have been moni-
tored by the Rossi X-Ray Timing Explorer (RXTE) since the start of science operations in
1996 February. Cyg X{1, Cyg X{3, and GX 339{4 are bright enough to be monitored by
the All-Sky Monitor (ASM) instrument, and we have used quick-look results provided by
the ASM team. 1E 1740.7{2942 and GRS 1758{258, which are fainter and in a crowded
part of the sky, have been monitored by periodic visits with the highly-sensitive Proportional
Counter Array (PCA) instrument (Jahoda et al. 1996).
The PCA monitoring observations, which last about 1500 s each, occurred monthly dur-
ing 1996, and have occurred weekly since, except for each period from November to January
due to a constraint against pointing the PCA near the Sun. In ?)hereafter Paper I]Ma99 and
Smith et al. (1997) we discussed the details of our observing strategy for 1E 1740.7{2942 and
GRS 1758{258, including oset-pointing to avoid nearby sources and subtraction of Galactic
diuse emission. The principal changes since Paper I was written are the new data acquired
and a reanalysis of the whole data set using updated PCA response and background models
(the new faint source model).
Figures 1 and 2 show the count rate and best-t power-law index (PLI) as a function
of time for 1E 1740.7{2942 and GRS 1758{258 respectively. Figure 3 shows the ASM data
for Cyg X{1. The ASM coverage of any given point in the sky is somewhat irregular. We
therefore produced Figures 3-5 by accumulating sets of 50 consecutive ASM snapshots of
each object and averaging them together. The time span represented by each data point can
vary from less than a day to greater than a week. The width of the histogram bin for each
point represents the integration time.
To restrict our attention to the power-law component of the emission rather than the disk
blackbody, we consider only ASM channels 2 (3.0-5.0 keV) and 3 (5.0-12.1 keV). Figure 3a
shows the sum of the count rate in these two channels as a measure of the source luminosity.
Figure 3b shows the ratio of these two channels. We used weekly PCA pointings to Cyg X{1
in 1998 to nd the true PLI for comparison with contemporaneous ASM data. We thereby
derived the relation between the PLI and the ratio, R, of ASM channels 2 and 3 (Figure 3b):
PLI = 3.036− 0.324. We do not expect that this relation applies for the softest data, where
the disk blackbody emission could dominate channel 2, since this did not occur in 1998.
The derived PLI, shown in Figure 3c, should therefore not be considered accurate when it
is softer than 2.5.
Figure 4 shows the ASM count rate and channel ratio for GX 339{4. Since this source is
much fainter than Cyg X{1, and sometimes drops to undetectable levels, the ratio data are
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Fig. 1.| Count rate and power law index from 1E 1740.7{2942 as a function of time from
RXTE monitoring data. Dotted lines show times when softening occurs during a drop in
count rate.
Fig. 2.| Count rate and power law index from GRS 1758{258 as a function of time from
RXTE PCA monitoring data. Dotted lines show times when softening occurs during a drop
in count rate.
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Fig. 3.| Summed count rate in channels 2 and 3, ratio between channels 2 and 3, and
derived power law index in Cyg X{1 from RXTE ASM data. Dotted lines show that count
rate and spectral hardness vary together.
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Fig. 4.| Summed count rate in channels 2 and 3 and ratio between channels 2 and 3
(spectral softness) in GX 339{4 from RXTE ASM data. Dotted lines show where there is
evidence of a slight lag between luminosity and hardness variation at the state transitions.
Fig. 5.| Summed count rate in channels 2 and 3 and ratio between channels 2 and 3
(spectral softness) in Cyg X{3 from RXTE ASM data. Dotted lines show that count rate
and spectral hardness vary together.
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poorer, but one clear state transition can be see in 1998. Unfortunately, the transitions into
and out of the soft state both occurred around January, when the RXTE pointing schedule,
driven by a Sun-angle constraint, results annually in very poor coverage of the Galactic
Center region by the ASM.
Finally, Figure 5 shows the ASM rate and ratio data for Cyg X{3. The hard x-ray
spectra of this source are a bit more complicated than the others, including variable absorp-
tion and a very bright iron line, presumably due to the eects of a very dense wind from its
companion (?, e.g.,)]Na93.
3. Time delays in spectral changes
In Paper I, we noted episodes of brightening and softening in 1E 1740.7{2942 and
GRS 1758{258 during 1998 (see Figures 1 and 2). Unlike the well-known behavior of
Cyg X{1 (e.g. Figure 3), there was a time delay (hysteresis) on the order of weeks, with the
softening occurring only when the brightening had leveled o or was decreasing. The dotted
lines in Figures 1 and 2 show times when softening is occurring near or during a decline in
brightness, rather than during brightening. In Paper I, we suggested two possible interpreta-
tions for this delay. Both pictures involved the simultaneous presence of two accretion flows:
a thin Keplerian disk and a hot, sub-Keplerian halo (e.g. an advection-dominated flow (Esin
et al. 1998) or a shocked flow (Chakrabarti and Titarchuk 1995)).
Our rst picture followed a prediction of Chakrabarti and Titarchuk (1995): the sub-
Keplerian flow might exist at all radii, not just within a transition radius, and if the mass
accretion rate was boosted to both components at once, the halo would brighten at all radii
almost instantaneously (near the free-fall timescale), while the inner regions of the thin disk
would only brighten after the extra mass had wound its way in on the viscous timescale. We
suggested that when this nally happened, the extra soft photons would cool the halo and
the spectrum would soften.
Our second picture followed a suggestion by Mineshige (1996) related to the soft-to-hard
state transition in the decaying phase of soft x-ray transients. He suggested that, for accretion
rates where both thin-disk and advection-dominated flows are stable, the thin disk may tend
to persist once it is established, i.e. the evaporation back to the advection-dominated flow
is slow and inecient. Thus, even if the brightening is quasi-static (i.e. the accretion rate
changes slowly compared to the viscous timescale), there can still be a soft stage at the end
of the outburst when the accretion rate is low again but the thin disk persists. Most disk
analyses concentrate on nding stable solutions; the issue of transformations between stable
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states is dicult and much less well-explored.
Cyg X{1 provides a perfect test case to distinguish between these two pictures. Since it
is expected to be primarily a wind accretor, the accreting material should have little specic
angular momentum, and the disk should be small, with a correspondingly short viscous
timescale. Under the rst picture (viscous delay), we would expect a much shorter delay
in this source. The second picture (the persistent disk) depends only on a hypothetical
property of the inner disk, which should be roughly independent of the outer parts of the
accretion flow. Thus, the lack of any delay between brightening and softening in Figure 3
clearly selects the viscous delay picture (Chakrabarti and Titarchuk 1995) as the preferred
one for the delay in GRS 1758{258 and 1E 1740.7{2942.
In a rst eort to quantify the amount of delay, we cross-correlated the peaks in count
rate and PLI for the 1998 data on 1E 1740.7{2942 and GRS 1758{258 (see Paper I). We
found a maximum correlation at delays of 58 and 36 days, respectively. Performing the same
procedure on the 1998 soft state of GX 339{4, we nd the best correlation at a delay of 23
dy. For Cyg X{1 and Cyg X{3, there is no delay observable. Because the ASM data are
irregularly sampled, it is dicult to obtain precise upper limits on the delays, but they are
clearly < 1 dy. The dotted lines in Figures 3 and 5 show the high degree of simultaneity in
the luminosity and spectral variations of these sources. We previously reported a delay of 
7 hr in Cyg X{1 (Smith et al. 1998), but this was due to a data-analysis error. If there are
delays of a few hours or less in these systems, it will take more rapid sampling to observe it.
The delay we observe for GX 339{4 is consistent with that object accreting from a
low-mass companion via a large disk. The companion has not been observed for this system
above the optical luminosity of the accretion disk, implying that it is a faint, low-mass star
(?, e.g.,)]Zd98. Although there is controversy about the nature of the companion in Cyg X{3
(Mitra 1996, 1998), the most common view is that it is a Wolf-Rayet star with a heavy wind
(Schmutz et al. 1996; van Kerkwijk et al. 1996). The lack of a delay in this system, like that
of Cyg X{1, is consistent with wind accretion via a small disk.
4. Two Varieties of Soft State
In the new (1999-2001) data for 1E 1740.7{2942 and GRS 1758{258, both sources be-
came signicantly softer than ever previously observed with RXTE. During the softest period
in the GRS 1758{258 power law, there is also a blackbody component with a temperature
of roughly 0.4 keV, although it does not dominate the emission, even at low energies. In
1E 1740.7{2942, the absorption column between us and the source (about 1  1023 cm−2)
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would make it extremely dicult to detect a thermal component even if one were present.
The prototype of the hard-to-soft state transition is Cyg X{1, in which the count rate
at all energies below 10 keV increases dramatically when the spectrum softens (?, e.g.,)]Gi99.
This transition is explained (?, e.g.,)]Es98 by the accretion rate increasing until the central
halo flow becomes unstable to collapse because it can cool itself eciently. Here we will refer
to this as a \static" soft state, since it can be reached by a gradual, quasi-static change in
the accretion rate.
In contrast, the softest spectra in 1E 1740.7{2942 and GRS 1758{258 came as the
overall count rates were falling rapidly, even down to their lowest level. This dierence is
not an artifact of the diering energy ranges of the PCA and ASM, nor of the additional
absorption toward the Galactic Center sources: even using only the lowest part of the PCA
range (2.5-6.0 keV), the softest spectra still correspond to times when the count rates are
low and falling.
This is compatible with the viscous-delay model; the spectrum becomes soft not because
the halo has become unstable and collapsed, but rather because it has been depleted by a
decrease in the accretion rate which has not yet been noticed by the thin disk. This depletion
results in fewer inverse Compton scatters per input photon, and therefore a softer spectrum.
It is also possible that the thinner halo is cooled more eectively by the still copious disk
photons. Since this situation only occurs temporarily due to the dierent propagation times
of the halo and disk flows, we will refer to it as a \dynamical" soft state, and consider it a
new discovery.
The ASM data for GX 339{4 (Figure 4) show that the soft outburst of 1998 has char-
acteristics of both static and dynamical soft states: after a slight delay on the rise (note that
the total count rate is just about the same on either side of the rst dotted line in the gure,
but the ratio jumps), the spectrum softens and stays soft for a period longer than the time
delay, indicating a static soft state similar to the 1996 outburst in Cyg X{1 (Figure 3). At
the falling edge of the outburst (second dotted line), however, the spectrum remains soft as
the count rate falls, indicating dynamical softening.
5. Correlating Photon Flux and Spectral Index
Table 1 summarizes another way of quantifying the dierences in behavior among these
sources. We correlated the PLI, α, with the photon flux, F, and with the negative time-
derivative of the flux, −dF/dt. For Cyg X{1 and Cyg X{3, the correlation with F is ex-
tremely large and positive, in agreement with the usual expectation for state transitions.
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For 1E 1740.7{2942, that correlation is negligible, while the correlation with the derivative
is quite strong. For GRS 1758{258, there is a more modest correlation with the rate of
decline, and a small negative correlation with the flux; the important comparison is the lack
of Cyg X{1’s strong positive correlation. GX 339{4 appears at rst glance to belong to
the set of sources that correlate with flux, i.e. the same class as Cyg X{1. However, as we
noted above, GX 339{4 spent most of its time in the hard state and the static soft state;
these times dominate the correlation statistic. Our tentative assignment of GX 339{4 to the
category of sources with a signicant viscous delay is due to only a few data points on the
rise and fall of the single outburst observed by RXTE. These few points have a negligible
eect on the correlations.
The photon flux F used for these correlations has had the eects of interstellar absorp-
tion and instrumental response removed; it is the incident flux in photons cm−2s−1 from
2-100 keV using the tted power law, which was tted to data only in the range of 2.5-25
keV. The exponential cuto in the hard state is usually such that integrating the power law
up to 100 keV without considering the cuto gives about the same photon flux as integrating
the cut-o power law to innity. In Figures 1 and 2 the raw PCA count rate was used. The
qualitative behavior is the same whether raw count rate or photon flux is used.
6. Modeling the Lightcurves
There are many models of disk accretion in the literature that include much of the rele-
vant physics (?, e.g.,)]Es98, including one (Chakrabarti and Titarchuk 1995) which explicitly
discusses varying the disk and halo flows independently. It would be beyond the scope of
this paper to produce a comparably sophisticated model to t our data. An extremely over-
simplied model can, however, reproduce the qualitative features of the 1E 1740.7{2942 and
Table 1: Correlation Coecients of α with F and
−dF/dt.
Object with F with −dF/dt
1E 1740.7{2942 -0.07 0.62
GRS 1758{258 -0.19 0.38
Cyg X{1 0.84 0.03
Cyg X{3 0.89 0.09
GX 339{4 0.92 -0.04
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GRS 1758{258 data, and we include it here as a stimulus to more realistic theoretical work.
First, we assume that the mass accretion rates in the innermost parts of the thin disk
and the halo, _MD and _MH, are both fed directly by the companion, and that the two flows
do not interact. Second, we assume that the total flux of photons we observe in the power
law, F , is proportional to the instantaneous accretion rate in the innermost part of the thin
disk ( _MD): i.e., each seed photon from the appropriate part of the disk is reprocessed into
the power law. This assumption is reasonable when τ  1, where τ is the optical depth of
the halo to inverse Compton scattering. Finally, we assume that the PLI, α, is a function
only of the mean number of scatterings N of each photon, which in turn is proportional to
τ, and therefore proportional to _MH (τ  _MH if the inward radial velocity of the halo is
independent of accretion rate).
The assumption that N  τ is generally valid for low optical depths; at very high
depths, multiple scatterings tend to trap the photon, so that N  τ 2. So to consistently
use both this assumption and the second assumption above, we must have τ  1; this is,
however, consistent with most Comptonization ts in the literature.

















and f is a function only of the halo electron temperature Te, so that if Te is constant,









Now we have _MD and _MH in the inner parts of the disk each being a simple function
of the two measured quantities F and α, respectively. F is corrected for absorption and
instrument response as was done for Table 1. Figures 6 and 7 show the derived accretion
rates, normalized to an average value of 1. It is immediately clear that the range of variation
of both is the same, and that the curves have a very similar shape, with the halo accretion
leading the disk accretion, consistent with the qualitative arguments made in previous sec-
tions. Cross-correlating the two curves, we nd a best-t delay of 29 dy for 1E 1740.7{2942
and 58 dy for GRS 1758{258. There seems to be a suggestion in the data, particularly in the
sharp drop and softening of 1E 1740.7{2942 in 1999, that the delay (i.e. the viscous time)
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Fig. 6.| Derived accretion rates in the inner part of the thin disk and halo flow for
1E 1740.7{2942 (see x6). The curves have been smoothed using a running average of all
data within  15 dy of each data point (usually meaning that ve weekly pointings are
averaged) to reduce the noise and make the long-term trends apparent.
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Fig. 7.| Derived accretion rates in the inner part of the thin disk and halo flow for
GRS 1758{258 (see x6). The curves have been smoothed as in Figure 6.
{ 14 {
is shorter when the changes are more abrupt. This is consistent with the time-dependent
theory of the standard thin disk (?, e.g.,)]Fr92.
The data for GRS 1758{258 late in the year 2000 seem to deviate from the behavior
observed at all other times in both sources: there is a brief period where _MD is strongly rising
and _MH is strongly falling. In terms of the observables (Figure 2), the PLI softens while
the photon flux is high and rising. This can be interpreted as the beginning of the rst true
static soft state observed in either source during the RXTE observations, i.e. the beginning
of self-cooling of the halo. It occurs only at the highest flux observed for GRS 1758{258,
and it ends almost immediately.
7. Conclusions
The observations of hysteresis in 1E 1740.7{2942, GRS 1758{258, and more tentatively
in GX 339{4, rule out any model for these sources in which the hot halo merely emerges
from the inner regions of the thin disk, either as flares, a corona formed by evaporation, or a
compact inner region in which the thin disk is completely transformed. Instead, much of the
hot halo must flow independently in from large radii, injected at the same radius (or at least
a radius of the same order of magnitude) as the outer edge of the thin disk. Although this
does not prove that the same mechanism occurs in the small-disk accretors (like Cyg X{1),
the simplest expectation is that the mechanism in those sources is the same, and the viscous
delay is not observed merely because it is too short.
These new observations come at a time when there is mounting evidence that even
the outer parts of accretion disks contain a vertically extended flow as well as a standard
thin disk. Cottam et al. (2001) observed the low-mass x-ray binary EXO 0748-67 with
the Reflection Grating Spectrometer on the XMM-Newton observatory. Although this is an
eclipsing binary, they found very bright x-ray emission lines which do not vary with the
variation of the continuum from the central source. From this lack of variability and the
details of the absorption and emission in the spectrum, they concluded that there must be
a signicant flow at large radii with a height much greater than predicted by hydrostatic
equilibrium of a thin disk. Smale et al. (2000) observed another dipping binary, X1624-490,
with RXTE . They found that the Comptonization region which produces the hard x-ray
continuum is never completely occulted during dips, while the blackbody from the central
source is. From the broad prole of the dips, they deduced that the hard-x-ray-emitting
region was 5 1010 cm in radius or larger, within a factor of two of the full presumed size of
the thin accretion disk based on the 21-hour orbit of the system.
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Assuming that these observations are seeing the same flow that we deduce from our
data, the additional piece of information we add is this: that the flow at large height and
large radius must be independent of the thin disk, and not merely a corona that is locally
produced by the thin disk and varies along with it.
Our secondary conclusion is that there can be two causes of spectral softening in black-
hole binaries: the well-modeled static soft state, in which the accretion rate becomes high
enough to force the innermost part of the disk into the thin conguration, and a newly-
discovered dynamical soft state, occurring when the thin disk has yet to respond to a drop
in accretion which has already depleted the halo.
Because persistent black hole candidates are rare, there are only a few more immediately
available tests of the ideas developed here. LMC X{3 is one source we have not yet examined.
It is too faint for the RXTE ASM data to be useful, and the PCA monitoring observations so
far, although they have revealed that the source does undergo soft/hard transitions (Wilms
et al. 2001), have been too few to provide evidence for or against viscous delay. With a
main sequence companion of only modestly high mass (B3 V), it is likely a disk accretor,
and may therefore be a good candidate for delays. GX 339{4, which we expect to show
delays, may provide more conclusive data than the hint visible in Figure 3. We have a new
PCA monitoring campaign for this source beginning in 2001 March. Finally, the XMM-
Newton x-ray telescope has sucient sensitivity to measure spectra of sources as faint as
1E 1740.7{2942 and GRS 1758{258 in M31 with a reasonable exposure time (< 1 dy). A
monitoring campaign of the M31 bulge region could reveal a number of new sources with
lag behavior similar to 1E 1740.7{2942 and GRS 1758{258, and allow a census of high-mass
versus low-mass binaries using viscous delay as a distinguishing diagnostic.
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